Representative amino acid sequences of the RNAdependent RNA polymerases of all groups of positivestrand RNA viruses were aligned hierarchically, starting with the most closely related ones. This resulted in delineation of three large supergroups. Within each of the supergroups, the sequences of segments of approximately 300 amino acid residues originating from the central and/or C-terminal portions of the polymerases Could be aligned with statistically significant scores. Specific consensus patterns of conserved amino acid residues were derived for each of the supergroups. The composition of the polymerase supergroups was as follows. I. Picorna-, noda-, como-, nepo-, poty-, bymo-, sobemoviruses, and a subset of luteoviruses (beet western yellows virus and potato leafroll virus). II. Carmo-, tombus-, dianthoviruses, another subset of luteoviruses (barley yellow dwarf virus), pestiviruses, hepatitis C virus (HCV), flaviviruses and, unexpectedly, single-stranded RNA bacteriophages. III. Tobamo-, tobra-, hordei-, tricornaviruses, beet yellows virus, alpha-, rubi-, furoviruses, hepatitis E virus (HEV), potex-, carla-, tymoviruses, and apple chlorotic leaf spot virus. An unusual organization was shown for corona-and torovirus polymerases whose N-terminal regions were found to be related to the respective domains of supergroup I, and the C-terminal regions to those of the supergroup III polymerases. The alignments of the three polymerase supergroups were superimposed to produce a comprehensive final alignment encompassing eight distinct conserved motifs. Phylogenetic analysis using three independent methods of tree construction confirmed the separation of the positive-strand RNA viral polymerases into three supergroups and revealed some unexpected clusters within the supergroups. These included the grouping of HCV and the pestiviruses with carmoviruses and related plant viruses in supergroup II, and the grouping of HEV and rubiviruses with furoviruses in supergroup II1.
Introduction
The genomes of all non-defective positive-strand RNA viruses apparently encode RNA-dependent RNA polymerases (Goldbach, 1986 (Goldbach, , 1987 Goldbach & Wellink, 1988; Goldbach et al., 1991 ; Zimmern, 1988) . Unequivocal assignment of the polymerase activity to a distinct viral polypeptide has been reported only for singlestranded RNA bacteriophages (reviewed by Blumenthal, 1979) , and for some of the picornaviruses (reviewed by Wimmer et al., 1987) . For a number of viruses, however, virus-specific RNA polymerase activity has been detected in preparations from infected cells (reviewed by Quadt & Jaspars, 1989) .
Comparative analysis of the amino acid sequences of the (putative) RNA polymerases of positive-strand RNA viruses showed that the polymerase is the only viral protein containing motifs conserved throughout this class of viruses; this allowed tentative identification of polymerases among the proteins encoded by newly sequenced viral genomes (Kamer & Argos, 1984; Koonin et al., 1987 Koonin et al., , 1989 Poch et al., 1989) . Some of these motifs are of even more general significance, with modified versions being found in RNA-dependent RNA polymerases of dsRNA viruses (Koonin et al., 1989) and negative-strand RNA viruses (Poch et al., 1989; Delarue et al., 1990) , in reverse transcriptases (Kamer & Argos, 1984; Poch et al., 1989; Delarue et al., 1990; Xiong & Eickbush, 1990) , and even in DNA-dependent DNA polymerases (Argos, 1988; Delarue et al., 1990) .
With the accumulation of many positive-strand RNA viral genome sequences and revelation of the enormous variability of their genome organization, it is becoming increasingly clear that comparison of the RNA polymerase sequences may be the most straightforward methodology for phylogenetic analysis of this virus class. Moreover, this analysis could provide the necessary basis for creation of a phylogenetic taxonomy of viruses.
In this study I present the detailed alignment of representative sequences of the RNA polymerases of all 0001-0249 © 1991 SGM groups of positive-strand RNA viruses for which genome structures have been reported. The type of sequence and structure conservation in viral polymerases, possible functions of the distinct conserved motifs, and the grouping of RNA polymerases tentatively reflecting their phylogeny will be discussed.
Methods
Amino acid sequences. The sequences of the (putative) RNAdependent RNA polymerases of the following positive-strand RNA viruses were analysed: poliovirus type I (PV), encephalomyocarditis virus (EMCV), foot-and-mouth-disease virus type A10 (FMDV), hepatitis A virus (HAV), cowpea mosaic virus (CPMV), Hungarian grapevine chrome mosaic virus (GCMV), tobacco etch virus (TEV), tobacco vein mottling virus (TVMV), barley yellow mosaic virus (BaYMV), beet western yellows virus (BWYV), potato leafroll virus (PLRV), barley yellow dwarf virus (BYDV), southern bean mosaic virus (SBMV), infectious bronchitis virus (IBV), mouse hepatitis virus (MHV), Berne virus (BEV), carnation mottle virus (CarMV), turnip crinkle virus (TCV), maize chlorotic mottle virus (MCMV), tomato bushy stunt virus (TBSV), cucumber necrosis virus (CNV), red clover necrotic mosaic virus (RCNMV), bovine viral diarrhoea virus (BVDV), hepatitis C virus (HCV), West Nile virus (WNV), dengue 4 virus (DEN4), yellow fever virus (YFV), tick-borne encephalitis virus (TBEV), bacteriophages MS2, Qbeta, GA and SP, barley stripe mosaic virus (BSMV), tobacco rattle virus, strain SY (TRV), tobacco mosaic virus, strain vulgate (TMV), cucumber mosaic virus (CMV), brome mosaic virus (BMV), alfalfa mosaic virus (AIMV), Sindbis virus (SNBV), potato virus X (PVX), potato virus M (PVM), turnip yellow mosaic virus (TYMV), apple chlorotic leafspot virus (ACLSV), beet yellow closterovirus (BYV), hepatitis E virus (HEV), rubella virus (RuV) and beet necrotic yellow vein virus (BNYVV). The sequences were from the Swissprot database (Release 14), except those of ACLSV (German et al., I990) , BaYMV (Kashiwazaki et aL, 1990) , BYV (Agranovsky et al., 1991a) , HCV (Houghton et al., 1989) , BVDV (Collett et al., 1988) , RCNMV (Xiong & Lommel, 1989) , TBEV (Pletnev et al., [989) , HEV (Reyes et al., 1990; G. Reyes & D. Bradley, personal communication) , RuV (Dominguez et al., 1990) , MHV and BEV (Snijder et al., 1990) . Closely related sequences were omitted from the analysis, e.g. only four picornavirus sequences of some 20 reported, and one tymovirus sequence of the five reported, were included.
Sequence comparisons. Preliminary alignments of amino acid sequences were done by the MULTAL1N program (Corpet, 1988) . The clustering facility of this program was used to define the optimal scheme for the subsequent detailed alignment to be done by the OPTAL program implementing the algorithm of Sankoff . This program defines the optimal alignment between two sequences or alignments as that having the minimal distance calculated according to Feng et al. (1985) using the equation: D = -ln(S °bs -Sra,d/S .... Stand), where S °bS is the alignment score observed upon comparison of the given pair of sequences (alignments), S ra"d is the average score obtained upon comparison of 25 pairs of random sequences generated by jumbling the real sequences and S max is the average of the scores for comparison of each of the real sequences with itself. The statistical significance of the alignment is calculated as the adjusted alignment score: AS = S °bs -•rancl/O', where a is the S.D. of the alignment score. Thus, AS is measured as the S.D. above the random expectation. The Dayhoff log odds matrix of pairwise amino acid residue weights (Dayhoffet al., 1983) was used for all comparisons. The sequence segments to be aligned were delimited either by inspection of complete alignments of the polymerases of closely related viruses and extraction of conserved portions, or by comparing sequences using the DOTHELIX program. DOTHELIX is a version of a diagonal plot allowing automatic determination of the lengths of the most similar segments of two sequences (Leontovich et al., 1990) .
Phylogenetic trees. Three methods for the generation of tentative phylogenetic trees were used. (i) Simple minimal distance clustering algorithm, UPGMA (Sneath& Sokal, 1973) . (ii) Protein parsimony algorithm, which is a version of the maximum parsimony (MP) method calculating the probabilities of amino acid changes based on the genetic code assignments. The algorithm is implemented in the PROTPARS program of the PHYLIP package kindly supplied by Dr J. Felsenstein (Felsenstein, 1989) . (iii) Maximum topological similarity algorithm, one of the 'quartet' algorithms employing comparison of the sets of nearest neighbour quartets from a distance matrix and a tree, and minimization of the number of different quartets . This algorithm was implemented in the TF program of the GENEBEE program package for biopolymer sequence analysis (Brodsky et al., 1991) . The pairwise distances between the sequences were computed according to Feng et al. (1985) , as indicated above, using either the Dayhofflog odds scoring scheme or that suggested by Doolittle (1986) for amino acid residue comparison.
Results and Discussion

Aligning viral polymerase sequences
To obtain the correct alignment of a large set of sequences, with some of them being only distantly related, it is essential to elaborate an optimal scheme for hierarchical alignment and to delimit the portions of the sequences which are optimal for revealing non-random similarity. As numerous alignments of various sets of positive-strand viral RNA polymerases have already been published, I have used a mixed strategy for reaching these goals, relying in part on the previous observations, and performing new comparisons where such observations were incomplete or seemed unsatisfactory. This led to delineation of a number of distinct groups of strongly similar proteins whose sequences could be aligned over stretches of about 400 amino acid residues or longer with AS values typical of a close relationship (15 S.D., or more). Most of the groups thus defined had already been described and included the polymerases of viruses that are known to be related by other criteria, but some were non-trivial. The groups encompassed: (1) picorna-, como-, nepo-, poty-and bymoviruses; (2) nodaviruses (black beetle virus; BBV); (3) sobemoviruses and two luteoviruses (BWYV and PLRV); (4) corona-and toroviruses; (5) carmo-, tombus-and dianthoviruses, and the third sequenced luteovirus, BYDV; (6) HCV and pestiviruses; (7) flaviviruses; (8) ssRNA bacteriophages; (9) tobamo-, tobra-, hordei-, tricorna-, clostero-and alphaviruses; (10) potexviruses, tymoviruses and ACLSV; (11) furoviruses, rubiviruses and HEV. Groups 6 and 11 have not been identified in previous studies. Supergroup I encompassed the polymerases of groups 1 to 3, and possibly 4. Supergroup II consisted of groups 5 to 8, and supergroup III contained groups 9 to 11. In two cases, those of sobemo-and luteoviruses (group 3) and flaviviruses (group 7), it was necessary to make the comparisons for two overlapping subalignments, to obtain correct superpositions of the conserved motifs with other polymerases of the respective supergroups. In one case, that of the BBV polymerase, only relatively modest scores (about 6 S,D.) were observed for the alignments with the other supergroup I members. However, the scores for alignment of this sequence with those of other supergroups were even lower, thus justifying inclusion of BBV in this supergroup. This was also confirmed by inspection of specific conserved motifs (see below). Corona-and torovirus polymerases (group 4) were a special case. Apart from the presence of large inserts, allowing correct alignment of these sequences with others only by overlapping segments, it turned out that different regions of group 4 polymerases are related to two different supergroups. Whereas their N-terminal regions aligned well with the polymerases of supergroup I, the C-terminal portions appeared to be related to supergroup III.
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The three supergroup alignments were amalgamated to make up the final total alignment. To this end, three pairwise alignments were generated, alignments of some of the initial groups (1 to 11) constituting each supergroup. It has to be remembered, however, that alignment scores tend to increase upon accumulation of sequences in the alignments being compared, which is due apparently to augmentation of the contribution of conserved residues. The three alignments, each including two supergroups, were finally combined to produce the overall alignment.
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Features of the final alignment of positive-strand RNA virus polymerases
The resulting alignment of 46 sequences representing 30 virus groups is shown in Fig. 1 . This alignment consists of 380 positions and includes eight distinct blocks of amino acid residues which could be considered conserved motifs. Motifs IV to VII have been described previously (designated I to IV in Koonin et al., 1989), whereas motifs I to III and VIII are newly identified. Only five amino acid residues were strictly conserved in all polymerase sequences, namely Lys3 in motif I, Asp118 and Asp124 in motif IV, and Asp268 and Asp269 in motif VI (Fig. 1) . The latter two residues are part of the well known GDD motif (Kamer & Argos, 1984; Argos, 1988) . In addition, several residues were almost invariant, being substituted in only a few sequences and usually by functionally similar residues. In particular, all the conserved residues in motif V, i.e. Ser/Thrl90, Glyl91, Thr195, Asn/Glu199 and Ser/Thr200, as well as Gly/Ser 267 in motif VI, Phe339 and Cys340 in motif VII, and Lys/Arg365 in motif VIII fell into this category. Despite this relatively modest conservation of specific amino acid residues, it is important to note that, in many positions of the alignment, there is a good correlation between the sequences of the three polymerase supergroups, i.e. the residues that are conserved in one supergroup can be found in a subset of the sequences of the other supergroup(s) (Fig. 1) . Also, it should be mentioned that the polymerases of supergroups I and III each contained additional conserved motifs upstream of the region aligned in Fig. 1 (not (Koonin et al., 1987 (Koonin et al., , 1989 Zimmern, 1988; Poch et al., 1989; Candresse et al., 1990) . The identification of motif VII was identical to that in our previous analyses (Koonin et al., 1987 (Koonin et al., , 1989 , but differed from the versions suggested by other workers (Poch et al., 1989; Xiong & Eickbusch, 1990) . The remaining motifs, in which the conservation was somewhat less pronounced, either have not been described previously, or the alignments were at variance with that shown in Fig. 1 . The discrepancies remain to be resolved but it may be noted that the present analysis, unlike the previous ones, dealt with the full complement of viral polymerases, possibly allowing more precise identification of the conserved motifs.
The motifs contained certain residues conserved specifically in one or other polymerase supergroup, which served as signatures. These included the following residues (see the consensus lines in Fig. 1 ). Supergroup I: Lys/Argl2 (motif I), Arg27 (motif II), Gly72 (motif III), Phe/Tyr339 (motif VII); supergroup II : Arg32 (motif II), Ser/Thr128 (motif IV), Cys340 (motif VII), Arg/Lys365 (motif VIII); supergroup III: Ser/Thrl90, Thr/Ser200 (motif V). Notably, these signatures are also conserved in the peripheral members of the respective superfamilies (e.g. BBV in supergroup I). In some of the motifs, continuous transition from the pattern typical of one supergroup (or some groups of the polymerases within a supergroup) to those conserved in the other supergroups could be observed. An example is motif VII (positions 339 to 342 in Fig. 1 ): FLKR (picorna-, coma and nepoviruses), FLSR (BBV), FMSH (potyviruses), FCSH (sobemo-and luteoviruses), FCGK (hordei-and tobraviruses), ICSK (tricornaviruses), SCGK (bacteriophages GA and SP), SCGA (bacteriophages MS2 and Qbeta). Conceivably, in newly sequenced viral polymerases other related residue combinations (e.g. FLGK or FCKR) may be found. In some of the motifs, high similarity was observed between otherwise distantly related groups of viral polymerases. Two examples are the previously described conservation of motif III in the polymerases of poty-and coronaviruses (Gorbalenya et al., 1989b) , and conservation of motif VII in the polymerases of picornaviruses and BBV (Fig. 1) .
Unfortunately, there is no direct information concerning possible functions of the motifs conserved in positive-strand RNA viral polymerases. An analogy was suggested between the GDD motif (our motif VI) and the so-called B motif, which is part of the NTP-binding site in numerous ATP-and GTP-binding enzymes (Argos, 1988) . Following this line, it seems plausible that motif V containing the nearly invariant Gly and Asn residues, which frequently occur in/%turns, might be analogous to the A motif of the same enzyme class, which is located upstream of the B motif and has a flexible loop conformation (Fry et al., 1986; Gorbalenya & Koonin, 1989) . Indeed, secondary structure predictions for viral polymerases were compatible with such a conformation in motif V (not shown). Thus, motifs V and VI might be directly involved in substrate binding. It is tempting to speculate that at least some of the other conserved motifs might mediate RNA binding. One possibility is motif VII containing the strongly conserved Phe339, as it is typical for a class of RNA-binding motifs (Bandziulis et al., 1989) . Motif I, which contains two conserved positively charged residues in each of the three superfamilies, might be another candidate for an RNAbinding site. The importance of motifs IV and VI for the activity of the RNA-dependent RNA polymerases of BMV, and of Qbeta bacteriophage, respectively, has been demonstrated by site-directed mutagenesis (Kroner et al., 1989; Inokuchi & Hiroshima, 1987) .
In the polypeptide chains of the (putative) viral polymerases, the conserved domains aligned in Fig. 1 are, as a rule, located nearer to the C termini (como-and probably nepoviruses being exceptions). In the picornaviral polymerases, which are the smallest of all, the conserved domain constitutes about 60~ of the entire polypeptide, indicating that the motifs described above probably contain most of the amino acid residues involved in RNA chain elongation.
Phylogenetic reconstructions
At present, there is no single optimal method for inferring phylogenetic trees from alignments (Felsenstein, 1988) . Thus, it is wise to combine different methods to derive more or less reliable phylogenetic schemes. To infer the tentative phylogeny of positivestrand RNA virus polymerases, I used a clustering method, a modification of the MP method, and the maximum topological similarity (MTS) method. The clustering method is attractive in that it is simple, gives obvious interpretations of the relationships between the compared species, and produces rooted trees. However, this procedure is strongly dependent on the assumption of the constancy of mutation rates in different evolutionary lineages and may thus produce erratic results if this assumption does not hold (Sneath& Sokal, 1973) . On the other hand, the maximum topological similarity method was specifically designed to be tolerant of gross variations in the evolutionary rates . The MP method, a classical procedure to infer phylogenies, is also at least partially immune to such variations (Felsenstein, 1988) .
These considerations forced me to choose a mixed strategy, relying primarily on the clustering results but correcting the branching order where the MP and/or the MTS method suggested a tree topology different from the cluster one. To produce the alignment shown in Fig. 1 
The main divisions of viral potymerases : the topology of the overall tree
The overall phylogenetic scheme (Fig. 2) conformed to the splitting of all positive-strand RNA viral polymerases into three main lineages corresponding to the three supergroups delineated above. Supergroup I separated first, whereas supergroups II and III appeared to be more closely related to each other. Undoubtedly the most unusual aspect of this tree is the grouping of the bacteriophage polymerases with the other members of supergroup II. This grouping was suggested by the clustering and MP methods, whereas the MTS method isolated the phage polymerases into an independent lineage (not shown). It thus remains somewhat uncertain, whether the branching order in Fig. 2 corresponds to the actual origin of the phage polymerases, or if their similarity to supergroup II only reflects conservation of common ancestral features in the respective sequences. Another point worth commenting on is the position of the corona-/torovirus branch. Upon analysis of the entire aligned polymerase segments, these sequences clustered with supergroup I (Fig. 2) ; however, the results were at variance when N-terminal (upstream of motif V) and Cterminal portions of the alignment were analysed separately (not shown). Whereas the N-terminal segments of the corona-/torovirus polymerases maintained their position in the tree, the C-terminal segments joined supergroup III, in agreement with the observations made in the course of generating the overall alignment.
(i) Supergroup I As could be expected, the corona-/torovirus branch constituted the outgroup of this supergroup (Fig. 3) . The remainder of the supergroup fell into two subdivisions: .
(i) the polymerases of viruses with small genomes (sobemo-, luteo-and nodaviruses), and (ii) the vast group of polymerases of viruses with relatively large genomes (picorna-, como-, nepo-, poty-and bymoviruses). The position of the nodavirus (BBV) polymerase was somewhat ambiguous. The cluster method isolated BBV into a distinct group. However, both the MP and MTS methods suggested the grouping with sobemo-and luteoviruses shown in Fig. 3 , which is obviously plausible because of the correlation with the genome size. To my knowledge, this grouping, as well as the relationship between the sobemo-/luteovirus group and the picorna-related group have not been described previously. The branching order within the latter group was fully compatible with the previous observations (Koonin et al., 1987 (Koonin et al., , 1988 ).
(ii) Supergroup H As could be anticipated, the phage polymerases constituted the outgroup. The branching order among the eukaryotic virus members of the supergroup (Fig. 4) , which was invariably revealed by all the methods employed, was unexpected enough. In particular, the cluster consisting of the polymerases of pestiviruses and HCV grouped not with flaviviruses, but with the carmovirus-related group of plant viruses. The relationship between the polymerases of HCV and carmoviruses has been described previously (Miller & Purcell, 1990) . I have shown here that the closest relatives of HCV polymerase are in fact those of pestiviruses, but the pestivirus/HCV group indeed forms a compact association with a large set of polymerases of plant viruses having (relatively) small genomes. The branching order within the latter group was somewhat indefinite as the three methods used gave conflicting results for RCNMV and BYDV. The tree in Fig. 4 is based on the topology produced by the MP method which required less assumptions concerning the evolutionary pathways than the topologies suggested by other methods.
(iii) Supergroup III There were three main subdivisions coinciding wi~h the polymerase groups 9 to 11 delineated above. The group including potex-, carla-, tymoviruses and ACLSV (at present classified as a closterovirus) separated first, whereas the other two groups clustered together. The large tight cluster including alphaviruses and several plant virus groups has been concordantly described in all papers on polymerase sequence comparison (Haseloff et al., 1984; Kamer & Argos, 1984; Koonin et al., 1987 Koonin et al., , 1988 Zimmern, 1988) . A novel feature within this cluster is the unexpected association of the closterovirus polymerase with those of tricornaviruses (Agranovsky et al., 1991 b) . The potex-/tymo-/carlavirus/ACLSV cluster has also been recently delineated (German et al., 1990; Rozanov et al., 1990; Candresse et al., 1990; Goldbach et al., 1991) . On the other hand, the grouping of HEV polymerase with that of BNYVV furovirus, which was definitely confirmed by all methods of tree construction, was quite unexpected. Each of the three supergroups described above brought together the polymerases of viruses with grossly different genome organizations and host specificities. This suggests that gene module shuffling was probably the major trend in the evolution of positive-strand RNA viruses, and that interkingdom transfer of viruses could occur more than once during the evolutionary history of this virus class. These hypotheses and their bearing on virus taxonomy will be discussed in detail elsewhere.
Addendum. During the reviewing process of this paper, an alignment of a large set of positive-strand RNA viral RNA polymerases with those of doublestranded RNA viruses was published (Bruenn, 1991) . This alignment included sequence segments only partially overlapping with those analysed in the present paper and spanning motifs IV to VIII, with short C-terminal extensions. For motifs IV to VI, the alignment is compatible with the present one, whereas the C-terminal parts of the polymerases were aligned differently. Unfortunately, no objective evaluation of the alignment has been reported, making direct comparisons difficult. However, at least two sources for the discrepancies are obvious, i.e. the difference in the methods for alignment generation and the special efforts undertaken by J. Bruenn to detect the conserved motifs in the doublestranded RNA viral polymerases. A cluster dendrogram was reported, with a branching order differing, in many respects, from that found here, presumably due to the differences in the alignments. I will analyse the problem of the origin of double-stranded RNA viral polymerases elsewhere. I appreciate helpful discussions with Dr J. Bruenn.
Note added in proof Since the submission of this paper, three sequences of RNA-dependent RNA polymerases of viruses belonging to groups not covered by the present analysis have been published. These are feline calicivirus (FCV) (Neill, 1990. Virus Research 17, 145-160) , Norwalk virus (Jiang et al., 1990 . Science 250, 1580-1583) and equine arteritis virus (EAV) (den Boon et al., 1991 . Journal of Virology 65, 2910 -2920 . The polymerases of FCV and Norwalk virus are closely related and obviously belong to the picorna-related group within supergroup I, whereas EAV polymerase is a member of the corona-/ torovirus group.
